1

Unglasyits RERIL T 00 S L

@
- Form Approved
JN PAGE OMB No. 07040188
1a. REPCRT SECURI AD—AZOO 372 1b. RESTRICTIVE MARKINGS
Unclassifies - None
122, SECURITY CLASSIFICATION AU e 3. DISTRIBUTION / AVAILABILITY OF REPORT
e Approved for public release; distribution
unlimited.
et $. MONITORING ORGANIZATION REPORT NUMBER(S)
D% AFOSR-TR- 88-10U85
6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
University of Southern (if applicable) Air Force Office of Scientific Research
California
“ -
6¢. ADORESS (City, State, and 21P Code) 7b. ADDRESS (City, State, and ZIP Code)
Department of Electrical Engineering Bolling Air Force Base, Building 410
Los Angeles, CA 90089-0484 - | Washington, D.C. 20332-6448
8a. NAME OF FUNDING /SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
RGANIZATION (If applicable)
9 X p F49620-83-C-0045
S a \
8c. ADORESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
@ ELEMENT NO. | NO. ACCESSION NO.
Qg Q/éf mloaiE A30] GI

11, TITLE (Include S«um'y Clamﬂcm’on)
Optical beam phase-conjugation and electromagnetic scattering process with intense fields

12. PERSONAL AUTHORC(S)
Dr. Robert W. Hellwarth

13a. TYPE OF REPORT_ 13b. TIME COVERED ]14. DATE OF REPORT (Year, Month, Day) |15. PAGE COUNT
Final Technical fRom 12/3/82 1912/2/87 1988, May, 09 |4 + Documentation

16. SUPPLEMENTARY NOTATION ’ page

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP  LoOptical beam phase;conjugation. Nonlinear optics. ngh power,

oY

A~

optical beam propagation. Photorefractive effect. {

"

19, 5BSTRACT (Continue on reverse if necessary and identify by block number) .
In this projectm performed both theoretical and experimental studies of optical
beam phase-conjugation and electromagnetic scattering processes with intense optical
fields. wWe-have established™new bounds,on the power and energy required to perform
useful wave mixing in certain classes of nonlinear media. We—discevered new physical
processes, for optical beam phase conjugation. Wue -performed the first complete phys:.cal
characterizations of monopolar and bipolar photorefractive crystals. .

‘

10. DISTRIBUTION/ AVARLABILITY OF ABSTRACT

|_® uncLassifieounumited L oTic users
222 NAME OF RESPONSIBLE INDIVIGUYAL 22b. TELEPHONE (include Area Code) [ 22¢. OFW wsm
e , , Q_f(@q ROQX T -4 G I
DO Form 1473, JUN 86 Previous editions dre obsolete. SECURITY CLASSIFICATION OF THIS PAGE

o &‘ ' ,‘

-
!
LV .

TUncC QSSHOI sD

[
[ Y
&




AFOsK . 1y.
TABLE OF CONTENTS

TITLE PAGE: DD Form 1473, June, 1986
1. PROJECT OBJECTIVES AND INTRODUCTION

2. M//\J(}R)ACCOMPLISHMENTS OF GRANT PERIOD: (12/03/82 TO
12/02/817

2.1. Evaluation of fundamental limits on low power cw phase conjugation at
microwave and optical wavelengths.

2.2.  Effect of applied electric field on the buildup and decay of photorefractive
gratings.

2.3.  Optical measurements of the photorefractive parameters of n—type
monopolar bismuth silicon oxide.

2.4.  Theory of hole—electron competition in common photorefractive materials.

2.5. Experimental verification of the theory of electron—hole competition in a
bipolar photorefractive crystal.

2.6.  Optical phase—conjugation by direct backscattering from barium titanate.

3. PAPERS PUBLISHED FROM THIS PROJECT

4. TALKS, SEMINARS, WORKSHOPS AND CONFERENCES STEMMING
FROM THIS PROJECT DURING GRANT PERIOD

5. PROFESSIONAL PERSONNEL ASSOCIATED WITH THIS PROJECT
6. ADVANCED DEGREES AWARDED TO PROJECT PARTICIPANTS
7. INTERACTIONS

8. INVENTIONS




1. PROJECT OBJECTIVES AND INTRODUCTION

Nonlinear optics, the study of matter interactions with intense electromagnetic
fields, has uncovered surprising and useful physical effects, such as stimulated scattering
of light by which an intense monochromatic beam can be converted to intense coherent
beams of different wavelengths. Recently interesting processes involving nonlinear
optical image—bearing beams have been discovered such as optical-beam phase
conjugation. Optical beam phase conjugation is the name given any process which
generates, in real time, the time-reversed replica of a complex, image—bearing, optical
beam, or which generates other related reflected beams, both monochromatic and
polychromatic. Device applications of phase—conjugation include correction of image
aberrations, brightness enhancement of laser outputs, and automatic steering of beams,
at optical and other wavelengths. Also, such nonlinear optical techniques are being
extended to perform many forms of beam processing, sorting, and routing on picosecond
time scales. This project aims at exploring and developing these and other new
wave—mixing processes, and the necessary nonlinear materials. Other novel
electromagnetic scattering processes which occur at the intense optical fields available
l from lasers are also explored for their scientific and device interest. ‘I'he approaches

1 taken in this project are both experimental and theoretical.
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2. MAJOR ACCOMPLISHMENTS OF THE GRANT PERIOD:
12/03/82 TO 12/02/87

The major accomplishments of this grant were as follows. (1) We constructed
the first theoretical study of limiting pump beam requirements for phase conjugation by
an opticai nonlinearity that is associated with any light scattering process, just as the
Kerr effect is associated with Rayleigh scattering. Results promise low power
requirements at infrared and longer wavelengths. Experimental efforts to realize the
high nonlinearities were begun in this project. (2) We performed the first experimental
verification of the prediction of the standard photorefractive model of Kukhtarev for the
effects of externally applied electric field on the buildup and decay of photorefractive
gratings. We verified that the observed slowing—down of up to twenty—five times
neutralized the known enhancement of beam—coupling efficiency. (3) We achieved the
first unambiguous measurements of the three impurity parameters needed to predict all
photorefractive effects in a simple mono—polar photorefractive material, for changes
slower than an electron recombination time. The material used was n—type bismuth
silicon oxide. (4) We constructed the first successful theoretical account of
electron—hole competition in bipolar photorefractive crystals. (5) We made detailed
experimental verification of our theory of electron—hole competition, using bipolar
photorefractive bismuth silicon oxide. (6) We performed the first demonstration that
phase—conjugation can occur via the well-known two—beam coupling process alone in a
photorefractive material with no external or internally generated pump beams. This
comprised a totally new physical process for performing optical-beam
phase—conjugation. Other accomplishments are noted in the publications and talks
listed in the following Sections 3 and 4. More detailed descriptions of our major

accomplisiments are given in the following subsections 2.1 to 2.6.



2.1. Evaluation of fundamental limits on low power cw phase conjugation at
microwave and optical wavelengths.

We have demonstrated theoretically that phase conjugation with reflectivity near
unity can be achieved by cw degenerate four—wave mixing in any medium in which
beam attenuation arises mainly from scattering with pump beam intensities of order,

2 3,2

I, =n"%kgTu’/c (1)
where n is the refractive index, kB Boltzmann's constant, T is the absolute temperature,
w is the angular frequency of its beams, and c is the velocity of light. This means pump
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intensities of only 10 W/cm2 will be required for ten micron radiation, or only

o 10—13

W/cm2 should be required for one centimeter radiation. Similarly lower beam
powers will be required to self—focus a coherent beam at longer wavelengths which
diffract before being attenuated by scattering alone. This may bear on atmospheric
propagation. The theory is described in Publication 3.31. This theory lead to our
creation of an experimental program to develop infrared Kerr materials which would

realize these high nonlinearities. Preliminary results appear in Publication 3.39.

2.2. Effect of applied electric field on the buildup and decay of photorefractive
gratings.

Using a model of simple drift and diffusion for electron transport in the
conduction band, Kukhtarev has predicted that, in the more sensitive photorefractive
materials, a small applied electric field E (2 V/f will produce: (a) dramatic

slowing—down of the writing and erasing of photorefractive charge gratings, and (b)




large temporal oscillations during writing. (Sov. Tech. Phys. Lett. 2, 433, 1976.) Here
V = Boltzmann's constant times temperature divided by the electron charge; ¢ = the
grating period + 27. This is predicted if ¢ is less ihan the average distance d moved by
an optically excited electron (with E | = 0) before recombination, but is greater than the
Debye screening length. The "hopping" model we developed in this project (Publication
3.8) predicts the same slowing—down, but only for very special probabilities for different
hopping distances that are predicted by Kukhtarev. Thus this slowing—down is a
critical test of these probabilities. We have made the firct quantitative experimental
check of this slowing—down, writing a grating of £ ~ 0.5 microns with intersecting 488
nm laser beams in a nowninally—undoped crystal BilQSiOQO. The above conditions are
satisfied. The grating amplitude is nonitored by Bragg diffraction of a weak 633 nm
laser beam. The internal value of E0 produced by different applied voltages is
determined by the electro—optic effect experienced by the 633 nm beam. We have
verified the quantitative predictions of Kukhtarev for the rise and decay functions for
488 nm intensities up to 0.1 W/cm2 and E, up to 8 kV/cm, observing
field—induced—slowing of up to 25 times. Details of these results are given in

Publication 3.35.

2.3. Optical measurements of the photorefractive parameters of n—type monopolar

bismuth silicon oxide.

We achieved the first measurements of all photorefractive parameters of a
mono—polar photorefractive crystal necessary to predict all optical interactions, with or
without applied electric fields, in the "adiabatic" regime where all process times are long
compared to the electron recombination time (~ microseconds). The crystal was n—type

bismuth silicon oxide. The parameters are: (a) an effective density of active electron




trap sites (which we find to be 1.4 x 10! ¢cm™ for 515 nm beams), (b) an average
hopping distance or range travelled by an electron in a single excitation—recombination
process (which we find to be ~ 3 microns), and (c) the rate of electron excitation per
unit light intensity per unit volume (which we find contributes ~ 0.9 cm'_1 to beam
attenuation at 515 nm). This latter measurement with the measured absorption
coefficient indicates near unity quantum efficiency. Our measurements were performed
using only optical techniques, thus avoiding electrical contact problems inherent in
previous methods, which are much more difficult to interpret in any case. Our method
was to measure the dependence on writing beam angles and erasure intensities of the
decay times of photorefractive holograms. Using the parameter values we determined
here, we estimated that an efficient primitive logic operation could be performed with

5

this crystal using as few as 10° photons. For details, see Publication 3.32.

2.4.  Theory of hole—electron competition in common photorefractive materials.

Recent experiments on some of the most commonly employed photorefractive
crystals have indicated that charge transport is not generally of one charge type only, as
has been widely assumed in analyzing results with these materials. We have made the
first extension of the standard theory of Kukhtarev to treat this competition and
verified that it gives an excellent account of previously published photorefractive
behavior termed "anomalous". Our theory contains the mobilities, photo—excitation
cross—sections, and recombination rate constants of two charge species (instead of one
species) in addition to the effective trap density as parameters. Relaxation and
beam—coupling data produce curves as a function of grating wavevector which can be
critically compared with our predictions, even with the larger parameter space. Details

of this work are given in Publication 3.34.
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Experimental verification of the theory of electron—hole competition in a bipolar

photorefractive crystal.

We performed the first characterization of both positive and negative charge
carriers as well as deep traps in any bipolar photorefractive crystal sufficient to predict
photorefractive behavior for all beam geometries on time scales larger than
recombination times. By using beam—coupling and light—induced grating—erasure
measurements, we found (1) the effective trap density (~ 1ppm), (2) the photorefractive
quantum efficiency (near unity), (3) the mobility—lifetime products for electrons and
holes, and (4) the excitation cross—sections for electrons and holes in a single crystal of
Bi; 55104 of high optical quality. The functional dependencies of measured quantities
agreed well with the predictions of our previously—described theory. Details are given in

Publication 3.37.

2.6. Optical phase—conjugation by direct backscattering from barium titanate.

We made the first demonstration of a novel process for phase—onjugation in a
photorefractive material. This process certainly plays a role in many cases where only
four—wave—mixing was previously considered. The new direct backscattering process is
an analog of the familiar stimulated Brillouin backscattering, the first nonlinear optical
process by which phase—conjugation was achieved. In the photorefractive analog
however, there is no frequency shift in the conjugate wave. The threshold for this new
process was accurately predicted from previous theory developed in this project

(Publication 3.8). Details of experiments and theory are given in Publication 3.33.
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"Anomalous cross—sections and phase conjugation in optical backscattering,"
R.W. Hellwarth, Resonance Seminar, Columbia Uriversity, New York, New
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"The photorefraction effect: Physics and application," R.W. Hellwarth,
Applied Physics Seminar, Columbia University, New York, New York, 26
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"Optical measurements of electrons and holes in insulators," R.W. Hellwarth,
AT&T Bell Laboratories Research Seminar, Murray Hill, New Jersey, 27
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"Photorefractive materials and devices," R.W. Hellwarth, USC Engineering
Research Review, Los Angeles, California, 2 April 1985.

"Fundamental limits on nonlinear optical materials and processes," R.W.
Hellwarth, Optical Society of America Workshop on Nonlinear Materials,
Annapolis, Maryland, 28 April 1986. Summary in Applied Optics.

"Fundamental limits on energy and power required for nonlinear optical
effects," R.W. Hellwarth, USC School of Engineering, 5th Annual Research
Review, Los Angeles, California, 6 May 1986.

"Photorefractive measurements of anisotropy of the mobility of photo—excited
holes in BaTiO3," by C.P. Tzou, T.Y. Chang, and R.W. Hellwarth, paper
613—11, 21 January 1986, Los Angeles, California. Summary published in SPIE
Proceedings, 613, p.58, March, 1986.

"Artificial Kerr media," David Naylor, USC Engineering Department Seminar,
Los Angeles, California, 25 July, 1986.
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"Image processing materials," R.W. Hellwarth, Physics Seminar, University of
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Workshop on Optical Nonlinearities, Fast Phenomena, and Signal Processing,
University of Arizona, Tucson, Arizona, 21 May 1986. Complete manuscript
published in volume of selected papers, Optical Nonlinearities, Fast Phenomena
and Signal Processing, edited by N. Peyghambarian (National Science
Foundation, Washington, D.C., 1986).

"Characterization of photorefractive materials," R.W. Hellwarth, Physics
Department, University of Amsterdam, Amsterdam, Holland, 1 June 1986.

"Fundamental limits of power and energy for nonlinear optical effects," R.W.
Hellwarth, Institut d'Optique, Orsay, France, 6 June 1986.

"Optical implementation of cellular automata," R.W. Hellwarth, Physics
Department, University of Paris, Place Jussieu, Paris, France, 8 June 1986.

"Raman—induced phase—conjugation spectroscopy," R.W. Hellwarth, University
of Paris, Nord, Paris, France, 13 June 1986.
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Conference, Utah State University, Logan, Utah, 14 October 1986.
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Computing Conference, Utah State University, Logan, Utah, 15 October 1986.

"Hole—electron competition in photorefractive gratings," F.P. Strohkendl,
J.M.C. Jonathan, and R.W. Hellwarth, Paper FQ2 with published abstract.
1986 conference on Lasers and Electro—optics (CLEOQO), San Francisco,
California, 13 June 1986. Abstract in Digest of Technical Papers, pp.386—387,
published by the Optical Society of America, Washington, D.C., 1986.

"Hole contributions to the photorefractive effect in n—type Bi;2SiOg," F.P.
Strohkendl and R.W. Hellwarth, Paper WG17 at the 1986 Annual Meeting of
the Optical Society of America; Seattle, Washington, 22 October 1986.
Abstract published in the Technical Digest, p.81, published by the Optical
Society of America, Washington, D.C., 1986. Short abstract in Optics News,
12, No.9, p.162, September 1986.

"A comparative study of the photorefractive effect in Bij2SiOg¢ crystals,”" F.P.
Strohkendl, P. Tayebati, and R.W. Hellwarth, at the Topical Meeting on
Photorefractive Materials, Effects and Devices, August 12—14, 1987, Los
Angeles California. Summary published in Technical Digest Series, 17,
pp.32—-34, published by the Optical Society of America, Washington, D.C.,
1987.

"Spatial harmonics of photorefractive grating induced by sinusoidal optical
intensity variation in a BaTiOj crystal," Y.H. Lee and R.W. Hellwarth, at the
Topical Meeting on Photorefractive Materials, Effects and Devices, August
12~14, 1987, Los Angeles, California. Summary published in Technical Digest
Series, 17, pp.64—65, published by the Optical Society of America, Washington,
D.C., 1987.

"Nonlinear refractive—index measurements of air and argon gases at 1 atm,"
D.M. Pennington, M.A. Henesian, C.D. Swift, and R.W. Hellwarth, 1987
Annual Meeting of the Optical Society of America, 19 October 1987, Rochester,
New York. Summary MI6 of Technical Digest, 22, p.28, published by the
Optical Society of America, Washington, D.C., 1987.

"Measurements of anisotropy of parameters in photorefractive barium titanate,"
T.Y. Chang and R.W. Hellwarth, Conference on Lasers and Electro—optics
(CLEO), Baltimore, Maryland, 29 April 1987. Suinmary published in Technical
Digest Series, 14, pp.180—181, published by the Optical Society of America,
Washington, D.C., 1987.

"Stimulated Brillouin scattering in plasmas," R.W. Hellwarth, Los Alamos
Scientific Laboratory, Los Alamos, New Mexico, 5 August 1987.

"Photorefractive Effect in Bi;3SiOq," F.P. Strohkendl and R.W. Hellwarth, at
the Review of Optical Computing and Photonics, University of Southern
California, Los Angeles, California, 23 March 1987.
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